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sediment drift
Labrador Sea
North Atlantic Deep Water (NADW)
ODP Leg 105 Site 646
IODP Expedition Sites U1305–1307The Eirik Drift lies on the continental slope south of Greenland, where it has been formed under the inﬂuence
of Northern Component Water (NCW). NCW ﬂow is an essential part of the global Thermohaline Circulation
(THC), which is closely connected to the world's climate. Changes in pathways and intensity of NCW ﬂow bear
information about modiﬁcations of the North Atlantic THC in a changing climate. There is some disagreement
about when deep-current controlled sedimentation at the Eirik Drift started. While the onset of drift building
was previously dated as early Pliocene or late Miocene in age we suggest that the effect of large-scale current
deposition had been initiated by at least 19–17 Ma based on the seismostratigraphic analysis of sedimentary
structures identiﬁed in a set of high-resolution seismic reﬂection data. This assumption of an early Miocene
onset of NCW ﬂow is supported by regional evidence regarding the breaching of the Greenland–Scotland
Ridge, which is documented in several erosional unconformities within the North Atlantic. After the onset of
deep-current controlled sedimentation at the Eirik Drift, two major changes in the deep-current system are
revealed during the Miocene: At the mid- to late Miocene boundary (12–10 Ma) and at 7.5 Ma.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The global Thermohaline Circulation (THC) is closely connected to
major changes in Earth's climate (Dickson and Brown, 1994). The
surface branch of the THC transports heat and freshwater around the
world's oceans and interacts with the overlying atmosphere through
surface ﬂuxes (Schmitz, 1996). The formation of deep water in the
basins of the northernNorthAtlantic, Arctic andAntarctic is amechanism
driving the global THC (Dickson and Brown, 1994; Schmitz, 1996). The
Eirik Drift, located offshore southern Greenland is built under the inﬂu-
ence of the deep-water currents originating as overﬂows from theNordic
Sea deep-water formation regions (North Atlantic DeepWater (NADW))
(Fig. 1; e.g. Arthur et al., 1989; Hunter et al., 2007a; Wold, 1994). There-
fore, the sedimentary structures and packages of the Eirik Drift archive
changes in strength and direction of these deep-water currents. As the
NADW ﬂow is today's main contributor to the lower branch of the
North Atlantic THC, decoding of these deep-water currents yields infor-
mation about the development of the global THC (Schmitz, 1996).
Even though it is certain that the Eirik Drift was built under the
inﬂuence of these deep-water currents (e.g. Arthur et al., 1989; Wold,
1994; Hunter et al., 2007a,b), the timing of the onset of development
of the Eirik Drift remains ambiguous. Arthur et al. (1989) suggested
that the “modern” pattern of deep circulation in the Labrador Sea was
established sometime in the late Miocene (8.2–7.5 Ma), but they
dated the onset of deep current-controlled deposition at 4.5 Ma. Byx: +49 471 4831 1271.
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rights reserved.investigating accumulation rates of sediment drifts in the northern
North Atlantic, Wold (1994), however, found that drift building at the
Eirik Drift may have started 7–8 Ma ago. The study regarding the
North Atlantic deep circulation by Wright and Miller (1996) is based
on the ﬁndings of Wold (1994), but dates the onset of drift accumula-
tion at Eirik Drift at 5–6 Ma. This date of onset of drift building at
the Eirik Drift is used in further investigations by several authors
(e.g. Wright, 1998; Cramer et al., 2009; Miller et al., 2009). On the
other hand, recent works of Hunter et al. (2007a) and Hunter et al.
(2007b) based their investigations at the Eirik Drift on the interpreta-
tion from Arthur et al. (1989)with the onset of deep-current controlled
sedimentation at 4.5 Ma. In this study, we aim to reappraise the ques-
tion of the timing of the onset of drift accumulation at Eirik Drift on
the basis of an analysis of a tight grid of newly collected seismic reﬂec-
tion data. We incorporate these seismic data with geological informa-
tion and age-models of Ocean Drilling Program (ODP)/Integrated
Ocean Drilling Program (IODP) drill sites, including ODP Leg 105
Site 646 and IODP Expedition 303 Sites U1305, U1306 and U1307 in a
bid to better deﬁne the inception of drift growth offshore southern
Greenland (Figs. 1 and 2).
2. Settings
2.1. Geological settings and drift morphology
The Labrador Sea basin is about 900 km wide and opens to the SE
into the North Atlantic (Fig. 1; Chalmers and Pulvertaft, 2001). This
basin formed as a consequence of continental rifting between
Fig. 1. Satellite-derived bathymetry map (Smith and Sandwell, 1997) of the North Atlantic. (a) Basins, ridges and fracture zones in the northern North Atlantic (see text for description).
(b) Water mass contribution to the formation of the North Atlantic Deep Water (modiﬁed from Schmitz, 1996; see text for description). The red box shows the study area (see Fig. 2).
Water mass abbreviations: DSOW, Denmark Strait OverﬂowWater; ISOW, Iceland-Scotland OverﬂowWater; LDW, Lower Deep Water; AABW, Antarctic BottomWater; NADW, North
Atlantic DeepWater; LSW, Labrador Sea Water.
2 A. Müller-Michaelis et al. / Marine Geology 340 (2013) 1–15Greenland and Labrador, which commenced during the Late Cretaceous
(anomaly 27, ~63 Ma) (Chalmers and Pulvertaft, 2001), but had ceased
by ~35 Ma ago (Srivastava and Roest, 1999). The Eirik Drift is located
in the eastern part of the Labrador Sea, south of the southern tip of
Greenland (Fig. 1). Two narrow parallel WSW-trending basement
ridges, which formed during the rifting process between about 61 and
40 Ma (Mueller et al., 2008), underlie the Eirik Drift (Fig. 2; Le Pichon
et al., 1971; Srivastava and Arthur, 1989). These basement elevations
are believed to have controlled the onset of drift building in this region
(Srivastava andArthur, 1989; Hunter et al., 2007b). At present, themain
Eirik Drift crest extends from a water depth of 1500 m in the NE to
~3600 m, and extends a total length of 360 km in the SW over these
basement ridges (Fig. 2; Hunter et al., 2007a). The Eirik Ridge is classi-
ﬁed as a detached giant elongated drift formed under the inﬂuence ofdeep contour currents (e.g. Stow et al., 1998; Faugères et al., 1999).
Hunter et al. (2007a) reported three NW-trending subsidiary ridges,
which extend to the NW from the main drift crest (Fig. 2).
The Greenland–Scotland-Ridge (GSR; Fig. 1a) is the gateway for
northern-sourced deep-water into the northern North Atlantic.
Therefore, its formation and subsidence history is important for the
evolution of the Eirik Drift but has yet to be fully understood. The
western part of the GSR between Greenland and Iceland is called the
Denmark Strait (Fig. 1a). Here, ﬁrst signiﬁcant overﬂow was observed
at ~7 Ma (Bohrmann et al., 1990) and the present sill depth lies at
~620 m (Hansen and Østerhus, 2000). The eastern part of the GSR is a
complex ridge–channel-system (Fig. 1). The Iceland–Faroe-Ridge with
a present maximum sill depth of ~480 m (Hansen and Østerhus, 2000)
experienced ﬁrst signiﬁcant overﬂows at ~13–11 Ma (Bohrmann et al.,
Fig. 2. Satellite-derived bathymetry map (Smith and Sandwell, 1997; red box in Fig. 1b) showing the location of the seismic lines (black lines). The dashed seismic yellow lines are
displayed in Figs. 6, 8, and 9. The yellow stars show ODP Leg 105 Site 646 (Shipboard Scientiﬁc Party, 1987a) and IODP Expedition 303 Sites U1305, U1306 and U1307 (Channell
et al., 2010). The dashed red line shows the NE–SW trending crest of themain Eirik Drift. The dashed orange lines indicate the 3 secondary ridges described byHunter et al. (2007a,b). The
dashed green lines mark the location of the two NE–SW trending basement ridges. The purple dashed line indicates the location of the extinct spreading center of the Labrador Sea Basin.
The pink dashed line shows the Leif Fracture Zone. The white contour lines mark the oceanic basement age (Mueller et al., 2008).
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pathway through the Faroe–Shetland Channel into the Iceland Basin
via the Faroe Bank Channel (Fig. 1; Hansen and Østerhus, 2000). The
Faroe Conduit developed in early Miocene and is suggested as the ﬁrst
true deep-water connection between the Nordic Seas and the Atlantic
(Stoker et al., 2005). Sufﬁcient subsidenceof theGSRwithﬁrst overﬂows
at the distal eastern part of the GSR into the Rockall Trough (Fig. 1) is
suggested for the early Oligocene (Davies et al., 2001). The sill between
the Faroe–Shetland Chanel and the Rockall Trough is called Wyville–
Thomson Ridge and has a present sill-depth of ~600 m (Fig. 1; Hansen
and Østerhus, 2000). The main deep-water connection of the Arctic
Ocean to the Nordic Seas, the Fram Strait, occurred concomitant with
the development of the Faroe Conduit (Ehlers and Jokat, 2013).
2.2. Present-day oceanographic setting
At present, the Western Boundary Undercurrent (WBUC) is the
active deep current in the vicinity of the Eirik Drift. In this region, it is lo-
cated between the 1900 m and 3000 m isobaths and composed of four
main water masses: Denmark Strait OverﬂowWater (DSOW), Iceland–
Scotland OverﬂowWater (ISOW), Labrador SeaWater (LSW) andmod-
iﬁed Antarctic Bottom Water (AABW) (Dickson and Brown, 1994;
Schmitz, 1996). Convective mixing in the Greenland and Norwegian
Seas together with Arctic Ocean outﬂow forms Nordic Sea intermediate
and deep water (Fig. 1; Hansen and Østerhus, 2000). These overspill
the shallow Greenland–Scotland Ridge (GSR) via the Denmark Strait
(~620 m; DSOW) and the Iceland–Scotland Ridge (ISOW), mainly
through the Faroe-Conduit (~840 m) (Fig. 1; Hansen and Østerhus,
2000). While descending into the northern North Atlantic, these over-
ﬂows entrain LSWand LowerDeepWater (LDW) (Fig. 1). LSW is formed
by convective overturning in the Labrador Sea and is found at depths be-
tween 700 and 1500 m off the east coast of Greenland (Fig. 1; Dickson
and Brown, 1994; Schmitz, 1996). LDW is modiﬁed AABW. It ﬂows
northward from its formation point in the Antarctic as bottom current
(below 3000 m) and entrains ambient waters on its way (Dickson and
Brown, 1994; Schmitz, 1996). The overﬂows, including the entrained
water masses, together form the WBUC off the east coast of Greenland
(Fig. 1; Dickson and Brown, 1994; Schmitz, 1996). ISOW forms theupper layer of the WBUC with a core depth around 2000 m and DSOW
forms the lower layer with a core depth around 3000 m off Cape
Farewell (Dickson and Brown, 1994; Schmitz, 1996). The WBUC
entrains more surrounding water masses on its way through the
Labrador Basin and is modiﬁed to North Atlantic Deep Water (NADW)
(Fig. 1; Hansen and Østerhus, 2000). NADW is the main contributor to
the lower limb of the present day North Atlantic THC (Dickson and
Brown, 1994; Schmitz, 1996). As the composition and pathways of the
ancient northern-sourced deep-water are not well known, the precur-
sor of the present NADW is called Northern Component Water (NCW).3. Data and methods
3.1. Seismic reﬂection data
In 2009, the AlfredWegener Institute for Polar andMarine Research
gathered ~2000 km of high-resolution seismic reﬂection data in the
area of the Eirik Drift south of Greenland with the German research
vessel Maria S. Merian (Fig. 2). Four GI-guns©, with a volume of about
1.4 l each, were used as a seismic source. Each of the GI-guns©
consisted of a generator chamber (0.72 l volume) that produced the
seismic signal, and an injector chamber (1.68 l volume),whichwas trig-
gered with a 33 ms delay to suppress the bubble. The GI-guns© were
ﬁred every 10 s (corresponding to a shot-spacing of approximately
25 m), producing signals with frequencies of up to 300 Hz. Data with
a sample interval of 1 mswere received using a high-resolution seismic
data acquisition system (SERCEL SEAL©), consisting of both onboard
and in-sea equipment. The total active streamer length was 3000 m,
consisting of 240 channels, and additionally a lead-in cable length of
191 m. Navigation data were speciﬁed by GPS (Global Positioning
System).
Processing of the seismic reﬂection data comprised geometry def-
inition using the ship's navigation data, and Common Depth Point
(CDP) sorting with a CDP spacing of 25 m. A precise velocity analysis
(every 50 CDP) was carried out and used for normal moveout correc-
tion. After stacking, a time-migration was carried out (Omega-Xmigra-
tion) (Yilmaz, 2001). Band ﬁltering with tapering (Hanning window)
4 A. Müller-Michaelis et al. / Marine Geology 340 (2013) 1–15with the boundaries 20–25 Hz and 200–250 Hz, but noAGC (Automatic
Gain Control) was applied to the data for display.
3.2. ODP/IODP data
The seismic survey was designed to image the seismic reﬂection
geometry of the Eirik Drift and intersect four ODP and IODP scientiﬁc
boreholes in the area (Fig. 2). The following description of ODP Leg 105
Site 646 (ODP 646) is derived from Srivastava et al. (1989) and Cremer
(1989); results from IODP Expedition 303 Sites U1305–U1307 are taken
from Channell et al. (2010), Channell et al. (2006), Expedition 303
Scientists (2006) and Shipboard Scientiﬁc Party (2005).
3.2.1. ODP Leg 105 Site 646 (ODP 646)
ODP646 lies in thewest of the study area at awater depth of 3450 m
(Fig. 2). The borehole recovered 766.7 m of dominantly ﬁne-grained,
terrigenous sediments, which comprise two major lithological units
ranging back to the Late Miocene (Fig. 3). For the entire drilled se-
quence, sedimentation rates average about 9.1 cm/ka.Fig. 3. Summary of lithologic units as a function of depth [mbsf] of the four drilling locations
U1305, U1306 and U1307 (Expedition 303 Scientists, 2006). The red curves show the penetr
and P-wave velocity measurements. The colored lines show the horizons as identiﬁed in Fig.
(5.332–3.6 Ma), late Pliocene (3.6–2.588 Ma), and early Pleistocene (2.588–0.781 Ma) (Gib3.2.2. IODP Expedition 303 Site U1305 (IODP 1305)
IODP 1305 is located 82.2 km south of ODP 646, in the SW corner of
our study area at a water depth of 3459 m (Fig. 2). A single Quaternary
lithologic unit of 295 m was obtained (Fig. 3), which documents the
last 1.77 Ma and is dominated by varying mixtures of terrigenous
components and biogenic material. The mean sedimentation rate for
the drilled sequence is assumed to be 17.3 cm/ka using biostratigraphic
and magnetostratigraphic data.3.2.3. IODP Expedition 303 Site U1306 (IODP 1306)
IODP 1306 is located in the NE of the study area (Fig. 2) at a water
depth of 2274 m. Drilling at IODP 1306 proved sediment as old as
1.95 Ma at a depth of 309.3 m. The single lithological unit consists
of Quaternary terrigenous and biogenic sediments (Fig. 3), which
are gradationally interbedded at scales of a few meters or less. The
mean sedimentation rate for the drilled sequence was estimated to
be 18 cm/ka by means of biostratigraphic and magnetostratigraphic
data.ODP Leg 105 Site 646 (Shipboard Scientiﬁc Party, 1987b) and IODP Expedition 303 Sites
ation depth of the synthetic seismograms calculated for each drill site using the density
5 and listed in Table 1. Please note we use the updated deﬁnitions of the early Pliocene
bard et al., 2010). W.d. Water depth.
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IODP1307 is located 53 kmnorthwest of IODP1306 (Fig. 2) at awater
depth of 2575 m. This borehole cored 162.6 m of Upper Pliocene–
Holocene sediments that comprise 3 lithologic units extending back to
3.58 Mawith variations in input of terrigenous and biogenic components
(Fig. 3). Apart from one possible hiatus (1.2–1.4 Ma; ~56–61 mbsf) the
sedimentary record at IODP 1307 appears continuous with a mean sedi-
mentation rate of 4.8 cm/ka.
3.2.5. Conversion of ODP/IODP logs to synthetic seismic data
Density and P-wave velocity data from the drill sites are needed to
calculate synthetic seismograms, which enable a correlation of the
seismic data with geological information (database: http://www-odp.
tamu.edu/ or http://brg.ldeo.columbia.edu/data/odp/leg105/646B/).
For ODP 646 Gamma ray attenuation (GRA)measurements with the
whole core multi-sensing track tool (MST) provide GRA Bulk density
data with a resolution of 0.006 m extending from 0.006 to
758.948 mbsf (Fig. 4a). Sonic velocity measurements of the split core
are provided with only a very low resolution (in irregular intervals in
the order of tens of meters). Downhole measurements conducted
with a long spacing Sonic Tool provide seismic P-wave velocity data
with a resolution of 0.15 m but only in the interval 208.788 to
744.931 mbsf. Therefore, a complementary combination of the
downhole loggings and the laboratory measurements of the split core
is used and spurious P-wave velocity data (b1400 m/s) are removed.
The resulting P-wave velocity log is shown in Fig. 4a. The black line
marks the boundary between low-resolution split core measurements
in the upper 208 m and the high-resolution downhole log.
The physical properties of IODP 1305–1307 were measured on
whole-round core sections run through a MST and led to bulk density
and seismic velocity data with a resolution of 0.05 m. Unfortunately,
P-wave velocity measurements are not available for the same depth
range as the density logs; hence, the synthetic seismograms do not
cover the total depth drilled (Fig. 3). Data processing comprised elim-
ination of loops and spurious data, extrapolation to the starting depth
of 0 mbsf and interpolation (resampling) for missing data and
adjusting the sample intervals. A depth–time-conversion using the
P-wave velocity data (sonic log) was carried out and the data were
resampled to 1 ms to ﬁt to the sample rate of our seismic data. Acoustic
impedance and the reﬂection coefﬁcients were computed. Wildeboer
Schut and Uenzelmann-Neben (2006) showed that the convolution of
the reﬂection coefﬁcients with an artiﬁcial Ricker wavelet (Ricker,
1953) yields better results than synthetics obtained by application of a
wavelet estimated from the seismic data. Therefore, Ricker wavelets
in the frequency range between 20 and 250 Hz were applied to the
reﬂection coefﬁcients. The applied Ricker wavelets of lower frequencies
bear a loss of resolution while high-frequency wavelets introduce
reﬂectors, which are not observed in the seismic data. The convolution
of the reﬂectivity series with a 70 Hz Ricker wavelet correlated best
with the seismic data and therefore was used to generate the synthetic
seismograms. The processed density and velocity data, the calculated
impedance, reﬂection coefﬁcients and the resulting synthetic traces in
time domain (TWT) for all sites are shown on the right in Fig. 4 (4b:
ODP 646; 4d: IODP 1305; 4f: IODP 1306; 4h: IODP 1307). No ﬁlters
were applied to the synthetic seismograms.
4. Results
4.1. Correlation of geological and seismic data and seismostratigraphic
model
The synthetic seismic data are compared and correlated with the
recorded seismic data and thus, age control of the seismic data is possi-
ble (Fig. 5). Following the stratigraphy deﬁned by Arthur et al. (1989),
we identiﬁed horizon R1 (4.9 s TWT; Fig. 5a and b), an erosional uncon-
formity (EU)whichmarks the boundary between seismic units SUII andSUIII (5.0 s TWT; Fig. 5a and b), horizon R2 (5.1 s TWT; Fig. 5a and b),
reﬂector doublet R3/R4 (5.4 s and 5.45 s TWT; Fig. 5a and b) and
below penetration depth horizon R5 (5.7 s TWT; Fig. 5b) and the base-
ment reﬂector (5.9 s TWT; Fig. 5b) at the location of ODP 646 (Table 1).
Three additional horizons were deﬁned at ODP 646 (Fig. 5a and b;
Table 1). Two horizons, A1 (4.65 s TWT; Fig. 5a and b) and A2 (4.7 s
TWT; Fig. 5a and b), were deﬁned within unit SUI, and horizon A3
(5.8 s TWT, Fig. 5b) within unit SUIV (Table 1). We extrapolated the
identiﬁed and deﬁned horizons at ODP 646 to our whole seismic grid.
The synthetic seismograms of the shallow sites IODP 1305–1307 were
also correlated with the seismic data (Fig. 5c–e). Using the sedimenta-
tion rates of each borehole proved to be consistent with our extrapola-
tion of the upper horizons (Fig. 5c–e).
The deﬁnition of Seismic Units and the description of their seismic
characteristics outlined in the following and summarized in Table 1
are conducted in the vicinity of ODP 646 in the western part of the
study area (Fig. 6).
4.1.1. Seismic Unit I
Unit SUI corresponds to Lithologic Unit I (Fig. 3) and extends from
the seaﬂoor to medium- to high-amplitude horizon R1 (Fig. 5a and b;
Fig. 6). Unit SUI is 270 to 400 ms thick and characterized by high
amplitude reﬂections that are parallel to subparallel to the seaﬂoor
(Fig. 6). The lithological texture of unit SUI is marked by scattered
coarse particles up to cobble size, which disappear at its base (Cremer,
1989). This base, horizon R1, is dated to 2.5 Ma, and related to the
onset of major ice rafting around the Pliocene/Pleistocene boundary
(Arthur et al., 1989). The division into two lithologic subunits, IA and
IB (Fig. 3), is based on a lower carbonate content (b10 wt.%) anda higher
content of granule-sized particles in the lower lithologic subunit IB
(Cremer, 1989). This subdivision is not used for our seismostratigraphic
model.
We deﬁned medium- to high-amplitude horizons A1 and A2 within
unit SUI (Fig. 5a and b; Fig. 6). The sedimentation rate at ODP 646 was
used to date these horizons. Horizon A1 lies at the boundary from
Early to Mid-Pleistocene (0.8 Ma; Fig. 3). Subunit SUI-a, embedded
between the seaﬂoor and horizon A1, is 100 ms TWT thick and com-
prises continuous high-amplitude parallel reﬂections (Fig. 6). Subunit
SUI-b extends between the high-amplitude horizons A1 and A2, which
is dated at 1.4 Ma. Subunit SUI-b is also about 100 ms TWT thick, but
characterized by medium amplitude, narrow-spaced (b0.01 s TWT),
continuous to discontinuous, parallel reﬂections (Fig. 5a and b; Fig. 6).
Subunit SUI-c is bordered by horizon A2 at the top and medium- to
high-amplitude horizon R1 at the base. It comprises the lower part of
Lithologic subunit IA and Lithologic subunit IB (Fig. 3). Subunit SUI-c
thins from 200 ms TWT in the west to 100 ms TWT in the east
(Fig. 6). The broad-spaced (0.04 s TWT), continuous to discontinuous,
parallel to subparallel internal reﬂections increase in amplitude from
its base to the top and converge towards the east (Fig. 5a and b; Fig. 6).
4.1.2. Seismic Unit II
Unit SUII is bordered by horizon R1 at the top and the erosional
unconformity EU at the bottom, which appears as a high-amplitude
horizon. Here, changes in grain size, sorting (Cremer, 1989) and fora-
miniferal assemblages (Kaminski et al., 1989) were observed. Arthur
et al. (1989) deﬁned the base of unit SUII, which is dated at 4.5 Ma, as
the basal unconformity of the drift. Unit SUII is 100–140 ms thick,
rises from the west to the east and consists of many narrow-spaced
(b0.01 s TWT), continuous high amplitude reﬂections (Fig. 5a and b;
Fig. 6).
4.1.3. Seismic Unit III
Unit SUIII extends between the erosional unconformity and the re-
ﬂection doublet R3/R4 and thickens from 350 ms TWT in the west to
550 ms TWT in the east (Fig. 6). The basal reﬂection doublet R3/R4 con-
sists of two medium- to high-amplitude, continuous to discontinuous
Fig. 4. Original (left) and processed (right) Multi Sensor Track (MST) log data of the four drilling locations ODP Leg 105 Site 646 (a, b) and IODP Expedition 303 Sites U1305 (c, d),
U1306 (e, f) and U1307 (g, h). The original log data on the left show density and P-wave velocity versus depth [m]. The processed data on the right show density, P-wave velocity,
impedance, the reﬂection coefﬁcient and the synthetic seismogram as result of the convolution of the reﬂection coefﬁcient with a 70 Hz Ricker wavelet versus two-way-traveltime
[TWT]. The colored lines show the horizons as identiﬁed in Fig. 5 and listed in Table 1.
6 A. Müller-Michaelis et al. / Marine Geology 340 (2013) 1–15reﬂections with a mean spacing of ~50 ms TWT (Fig. 5a and b; Fig. 6;
Figs. 8–9). Unit SUIII is subdivided by the medium amplitude horizon
R2 (Fig. 5a and b; Fig. 6). Horizon R2 as well as reﬂection doublet
R3/R4 mark changes in the carbonate content (Kaminski et al., 1989).Subunit SUIII-a is dated at 4.5–5.6 Ma (Arthur et al., 1989) and
thickens from 100 ms TWT in the west to 300 ms TWT in the east.
Amplitudes of, and spacing between, the internal reﬂections increase
towards the top of subunit SUIII-a (Fig. 5a and b; Fig. 6). In the east,
Fig. 5. Correlation of the synthetic seismograms of each drill site with the seismic reﬂection data. (a) ODP Leg 105 Site 646 seismogram (red) incorporated to seismic line
AWI-20090004 (CDP 10,100 to 10,150 vs. TWT 4.5 to 5.5 s). (b) Subsection of seismic line AWI-20090004 (CDP 10,000 to 10,500 vs. TWT 4.5 to 6.5 s) with the incorporated
ODP Leg 105 Site 646 data. (c) IODP Exp. 303 Site U1305B seismogram (red) incorporated to seismic line AWI-20090008 (CDP 3200 to 3250 vs. TWT 4.5 to 5.0 s). (d) IODP Exp.
303 Site U1306A synthetic seismogram (red) incorporated to seismic line AWI-20090010 (CDP 2200 to 2250 vs. TWT 3.0 to 3.5 s). (e) IODP Exp. Site U1307B synthetic seismogram
(red) incorporated to seismic line AWI-20090002 (CDP 2350 to 2400 vs. TWT 3.3 to 3.8 s). Seismic Units (SUI–IV) and horizons (A1–A3, R1–R5, EU) are as listed in Table 1.
7A. Müller-Michaelis et al. / Marine Geology 340 (2013) 1–15reﬂector truncations are observed at the erosional unconformity
(Fig. 6). Subunit SUIII-b is between 150 and 300 ms TWT thick and con-
sists of narrowly spaced (b0.01 s TWT) parallel to subparallel mainly
low amplitude reﬂections (Fig. 5a and b; Fig. 6). Subunit SUIII-b is
dated as 5.6–7.5 Ma (Arthur et al., 1989).
4.1.4. Seismic Unit IV
Unit SUIV is bordered at the top by the medium- to high-amplitude
reﬂector doublet R3/R4,which is underlain bymanydiffractions, and the
irregular acoustic basement horizon that forms the top of the oceanic
crust between 5.8 and 6.2 s TWT (Fig. 6). The thickness of unit SUIV
varies between 350 and 700 ms TWT due to the roughness of the base-
ment. The top reﬂector doublet R3/R4 is dated at 7.5 Ma (Arthur et al.,
1989). The basement underlying the region of ODP 646 is dated
50–51 Ma (Fig. 2) (Mueller et al., 2008).
Unit SUIV is subdivided by the internal horizons R5 and A3, which
lie beneath the drilling penetration depth of site ODP 646 (Figs. 5b
and 6). Using the sedimentation rate of the upper part of unit SUIV,
the ages of horizons R5 and A3 are estimated as middle Miocene
(10–12 Ma) and early Miocene (17–19 Ma), respectively. However,
considering the age of the underlying basement, the sedimentation
ratewithin unit SUIVmust bemuch lower and/or theremust behiatuses
within this unit. The age estimation of these horizons will be discussed
in detail later. Horizon R5 lies within a band of 3–4 high-amplitudereﬂections at depth between 5.6 and 5.7 s TWT. Besides this band and
the top reﬂector doublet R3/R4, subunit SUIV-a consists of low ampli-
tude, parallel to subparallel reﬂections and is 200 to 300 ms TWT thick
(Fig. 6). Subunit SUIV-b lies between the high-amplitude horizons R5
and A3. Subunit SUIV-b thins from 250 ms TWT in the west to 50 ms
TWT in the east, where the low- to medium amplitude internal reﬂec-
tions converge (Fig. 6). Horizon A3 liesmainly closely above the acoustic
basement reﬂection (50–100 ms TWT), but terminates against base-
ment highs and lies almost horizontally above basement troughs
(Fig. 6). Therefore, subunit SUIV-c varies in thickness from 0 to 250 ms
TWT. Subunit SUIV-c appears almost acoustically transparent.
4.2. Detailed description of the Miocene unit SUIV
For a detailed investigation of the different sedimentary environ-
ments at the Eirik Drift, we tracked the horizons from the acoustic base-
ment to the seaﬂoor and computed the different unit and subunit
thicknesses. In this study, we want to concentrate on unit SUIV and
therefore on the early stages of drift development during the Miocene.
The drift development after 7.5 Ma (horizon R3/R4) will be the focus
of further studies. In Fig. 7, the outlines of the interface horizons (left)
and the (sub)unit thicknesses (right) of unit SUIV are depicted. Inter-
face depth values shallower than its root mean square (rms) value are
deﬁned to represent topographic highs of the horizon in question
Table 1
Reﬁned seismic stratigraphy and reﬂector nomenclature at ODP Leg 105 Site 646.
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which is thicker than the rms value (Fig. 7 right).
The seismic basement represents the top of the oceanic crust,
which on all seismic sections appears as a high-amplitude reﬂection
with an irregular, hummocky topography, characterized by several
local highs (Figs. 6, 7a, and 8–9). The rms depth of the basement
lies at ~5500 ms TWT (Fig. 7a). Its outline encircles smaller basement
elevations in the NW, SW, and the NE corner of the study area with a
branch extending towards the basement highs in the SW (Fig. 7a).
These basement highs are aligned along the axes of the WSW-
trending basement ridges (Fig. 7a) (Le Pichon et al., 1971; Srivastava
and Arthur, 1989). The basement slopes from the NE at ~3800 ms
TWT to the WSW at ~6500 ms TWT (Fig. 7a).
Unit SUIV lies above the seismic basement (Fig. 7b), with its top
being formed by reﬂector doublet R3/R4 of late Miocene age (Arthur
et al., 1989). Horizon doublet R3/R4 slopes from 3260 ms TWT in the
ENE to 5670 ms TWT in the WSW (Fig. 7c). Due to the irregular base-
ment below (Fig. 7a) the thickness of unit SUIV is highly variable rang-
ing from 0 to 1570 ms TWT (Fig. 7b). The part of unit SUIV with athickness of>860 msTWT is deﬁned as its depocenter. This depocenter
covers the SE study area with two branches extending to the WNW
and N (Fig. 7b). The depocenter appears attached to the SW ﬂank of
topographic high of the basement partly crossing the lower part of the
topographic high in the south (Fig. 7a and b). Unit SUIV is subdivided
into 3 subunits SUIV-a, -b and -c by the internal high-amplitude reﬂec-
tors A3 and R5 (Table 1; Figs. 6, 8 and 9).
Theoldest subunit SUIV-c (Fig. 7d) extends from thebasement to ho-
rizon A3. Horizon A3 slopes from 4130 ms TWT in the NE to 6250 ms
TWT in the WSW (Fig. 7e). Generally, the continuous, medium- to
high-amplitude horizon A3 lies close (50–200 ms TWT) over the base-
ment (Figs. 6, 8 and 9) and therefore, the topographic high of horizon
A3 lies mainly on top of the topographic high of the basement in the
NE (Fig. 7a and e). However, horizonA3 terminates against several base-
menthighs and runshorizontally over deeper basement troughs (Figs. 6,
8 and 9). The thickness of subunit SUIV-c thus varies between 0 and
384 ms TWT and we observe a number of smaller depocenters with a
thickness of >140 ms TWT distributed over the study area (Fig. 7d).
These small depocenters coincide mainly with the topographic lows of
Fig. 6. Uninterpreted (top) and interpreted (bottom) subsection of line AWI-20090004 (CDP 8400 to 12,780 vs. TWT 4300 to 6500 ms). This correlation and extrapolation of the
seismic horizons are the base of the seismostratigraphic model (Table 1). SUI–SUIV: Seismic Units I–IV (subunits: -a, -b, -c). Horizons: A1 (magenta; 0.8 Ma), A2 (yellow; 1.4 Ma),
R1 (green; 2.5 Ma), erosional unconformity EU (orange; 4.5 Ma), R2 (red; 5.6 Ma), reﬂection doublet R3/R4 (blue; 7.5 Ma), R5 (pink; ~11 Ma), A3 (cyan; ~19 Ma) and basement
(brown; ~50 Ma).
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medium- to high-amplitude, subunit SUIV-c appears semi-transparent
(Figs. 8–9).
Above subunit SUIV-c, subunit SUIV-b (Fig. 7f) extends to its top
reﬂector R5. Horizon R5 slopes from 3900 ms TWT in the NE to
5950 ms TWT in the WSW (Fig. 7g). The topographic high of horizon
R5 is located in the NE branching towards the SW in the southern
central study area (Fig. 7g). In comparison to the basal horizon A3,
the topographic high of top reﬂector R5 is shifted to the east and
obliquely elongated to the SW in its shape (Fig. 7e and g). The topo-
graphic low of horizon R5 in the west is almost homogenous and
lies between 5500 and 6000 ms TWT (Figs. 6 and 7g). In this western
part of the study area, the internal low- to medium-amplitude reﬂec-
tions of subunit SUIV-b are parallel to subparallel (Fig. 6). The main
depocenter of subunit SUIV-b is found in the SE part of the study
area with a maximum sediment thickness of 900 ms TWT (Fig. 7f). Its
wavy outline lies at a depth of 435 ms TWT, and it appears plastered
onto the southern ﬂank of horizon A3's topographic high (Fig. 7e and f).
Here, subunit SUIV-b is lenticularly shaped (Figs. 8–9). The internal
reﬂections of SUIV-b show low-angle downlaps to the basal horizon
A3 and diverge towards the east (Figs. 8–9). The low amplitudes
of the internal reﬂections increase towards the medium- to high-
reﬂection band near the top (Figs. 8–9). Top horizon R5 lies within
this band of higher reﬂections, and a number of vertical to sub-vertical
faults are observed (Figs. 8–9).
The uppermost subunit SUIV-a is bounded by horizon R5 below and
horizon doublet R3/R4 at the top. Its thickness varies between 50 and
940 ms TWT (Fig. 7h). The depocenter of subunit SUIV-a comprises
sediments thicker than 430 ms TWT and is located in the SE part of
the study area (Fig. 7h). Two branches extend to the WSW and NW(Fig. 7h). The depocenter lies on top of the southern ﬂank of reﬂector
R5's topographic high partly extending into the adjacent topographic
lows (Fig. 7g and h). The internal reﬂections of subunit SUIV-a are of
low amplitudes in the center of the unit and of medium- to high-
amplitude near the top and bottom (Figs. 8–9). Within the depocenter,
subunit SUIV-a appears lenticularly shaped, and it comprises diverging
internal reﬂections (Figs. 8–9). Subunit SUIV-a is of almost homogenous
thickness elsewhere, and the internal reﬂections are parallel to
subparallel (Fig. 6).
5. Discussion
The Miocene unit SUIV has been poorly investigated but is of great
interest as the investigation of paleocurrents is fundamental for our
present understanding of the oceans climate history. Our key objective
in this study was to address the question as to whether or not there are
indications for the onset of current-controlled sedimentation of the
Eirik Drift before 7.5 Ma. Seismic characteristics typical of current-
controlled sedimentation and contourite drifts have been described by
several authors (e.g. McCave and Tucholke, 1986; Faugères et al.,
1999; Stow et al., 2002; Faugères et al., 2008; Nielsen et al., 2008), and
key observational criteria are summarized below:
1 Major changes in depositional style from non-current dominated to
current dominated regime and vice versa cause high- to moderate
amplitude reﬂections.
2 Initiation of a strong deep current is accompanied by non-deposition/
erosion.
3 Erosional unconformities are characterized by a single continuous
high- to moderate amplitude reﬂector of regional to semi-regional
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accumulation is marked by a basal unconformity.
4 Internal reﬂections commonly show low-angle downlap onto these
basal erosional unconformities.5 An indication for drift deposits is their thickness, which exceeds that of
the adjacent sediment cover. However, morphology, location and in-
ternal reﬂection characteristics of thick sediment deposits have to be
investigated to distinguish drift deposits frommass-transport deposits.
Fig. 8. Uninterpreted (top) and interpreted (bottom) subsection of line AWI-20090004 (CDP 50 to 6500 vs. TWT 3000 to 6500 ms). For location see Fig. 2. Horizons: A1 (magenta;
0.8 Ma), A2 (yellow; 1.4 Ma), R1 (green; 2.5 Ma), erosional unconformity EU (orange; 4.5 Ma), R2 (red; 5.6 Ma), reﬂection doublet R3/R4 (blue; 7.5 Ma), R5 (pink; ~11 Ma), A3
(cyan; ~19 Ma) and basement (brown; ~51 Ma). Pink and blue transparent patches highlight drift bodies within subunit SUIV-b and SUIV-a, respectively.
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deposits, which are observed in down-slope direction.
7 The stronger mean ﬂow of the deep-current core at the steeper
drift ﬂank causes erosion and/or reduced net accumulation.
8 Higher sediment accumulation is found at the comparatively tranquil
sides of the deep-current core.
9 The geometries of the internal seismic units are lenticular or sigmoi-
dal shaped, due to the above-mentioned regulations of erosion and
accumulation at sediment drifts.
Several different types of sediment drifts can be distinguished and
their overall shape and geometry are due to an interplay of different
boundary conditions: the location and its topography, the current
velocity and variability, the amount and type of sediment available,
and the time span at which the deep-current was active. The Eirik
Drift is classiﬁed as a detached elongated, mounded drift. These are
distinctly mounded and elongated in shape.
One of the principal controls on the morphology of a detached
elongated, mounded drift appears to be the form of the pre-existing
seaﬂoor, which controls and directs the various contour-following
branches of the deep current. Elongated detached drifts usually pro-
grade in the direction of the initialﬂowand their crests are foundparallel
to the prevailing deep current direction, but progradation can also lead
to parts of the drift being elongated almost perpendicular to the margin.
This is the case for the Eirik Drift in response to a change to the margin's
trend as the intensity of the deep current is commonly related to the
steepness of the slope with intensiﬁcation of the current core at steeperFig. 7. Contour maps of horizon depth (left) and (sub-)unit thickness (right) of unit SUIV. Th
mean square (rms) depth (left) and rms thickness (right), respectively. The rms depth outlin
(right) as white lines. (a) Basement depth, rms = 5484 ms TWT. The green, dashed lines m
thickness SUIV, rms = 863 ms TWT, white line: outline of the topographic high of the baseme
rms = 138 ms TWT, white line: outline of the topographic high of the basement. (e) Horizon A
line: outline of the topographic high of A3. (g) Horizon R5 depth, rms = 5082 ms TWT. (h) Sub
of R5.slopes and weaker currents at gentle slopes. For detached elongated
drifts in the Northern Hemisphere the higher sediment accumulation
is found always to the right of the current core due to Coriolis force.
Currents directed oppositely at both drift ﬂanks yield in increased sedi-
mentation at the drift axis. Subsidiary drift crests can be found in the
downcurrent ﬂank. Drift deposits are lenticular in shape with the
bedding thickening at the drift axis and thinning towards either both
drift ﬂanks or the ﬂank where the ﬂow is fastest. At the thinner parts
the internal reﬂections converge while diverging internal reﬂections
are found at the areas of increased accumulation at the drift axis. Thus,
the internal reﬂections describe a uniform pattern of continuous low to
medium amplitude reﬂections that tend to follow the main drift
morphology.
By means of the extended stratigraphy assessed at site ODP 646,
we identiﬁed Miocene unit SUIV and divided it into 3 subunits. We
observed that the depocenter of unit SUIV appears attached to the SW
ﬂankof the topographic high of the basement (Fig. 7a andb). The thicker
sequence at the elevated basement ﬂank compared to the thinner
sequence at the basement topographic lows in the west of the study
area is a strong indication for deep current controlled deposition
(McCave and Tucholke, 1986; Faugères et al., 1999; Stow et al., 2002;
Faugères et al., 2008; Nielsen et al., 2008). To conﬁrm the assumption
that deep current-controlled sedimentation started during deposition
of unit SUIV and to identify its onset, the subunits of unit SUIV are inves-
tigated in more detail below.
The oldest subunit SUIV-c overlies basement. Its top horizon A3
onlaps on several basement highs (Figs. 8–9). The small, patch-likee gray lines show the locations of the seismic proﬁles. The black lines indicate the root
e of the topographic high of the basal horizon is added in the (sub-)unit thickness plots
ark the location of the two NE–SW trending basement ridges (cf. Fig. 2). (b) Total unit
nt. (c) Horizon doublet R3/R4 depth, rms = 4750 ms TWT. (d) Subunit SUIV-c thickness,
3 depth, rms = 5470 ms TWT. (f) Subunit SUIV-b thickness, rms = 435 ms TWT, white
unit SUIV-a unit thickness, rms = 431 ms TWT,white line: outline of the topographic high
Fig. 9. Uninterpreted (top) and interpreted (bottom) subsection of line AWI-20090005 (CDP 3600 to 7400 vs. TWT 2500 to 6500 ms). For location see Fig. 2. Horizons: A1 (magenta;
0.8 Ma), A2 (yellow; 1.4 Ma), R1 (green; 2.5 Ma), erosional unconformity EU (orange; 4.5 Ma), R2 (red; 5.6 Ma), reﬂection doublet R3/R4 (blue; 7.5 Ma), R5 (pink; ~11 Ma), A3
(cyan; ~19 Ma) and basement (brown; ~53 Ma). Pink and blue transparent patches highlight drift bodies within subunit SUIV-b and SUIV-a, respectively.
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graphic lows of the basal basement horizon and are interpreted as
an inﬁll of the irregular basement topography (Fig. 7a and d). There-
fore, the top horizon A3 shows a smoothed morphology compared to
the underlying basement horizon (Fig. 7a and e). This points to a drape
of the underlying basement reﬂector during deposition of subunit
SUIV-c. The seismic transparency of subunit SUIV-c indicates that the
depositional conditions for the sedimentation were tranquil and stable.
In contrast to subunit SUIV-c, the upper subunits SUIV-b and -a
show distinct depocenters, which are attached to (SUIV-b; Fig. 7f)
or lie on top of (SUIV-a; Fig. 7h) the topographic highs of their basal
interfaces (Fig. 7e and g). The development of depocenters at the
topographic highs of their basal interfaces indicates that no uniform
sedimentation during deposition of subunits SUIV-b and -a occurred.
The location of the depocenters at the SE ﬂanks of the topographic
highs of the basal interfaces suggests that the main control on the
deposition is related to a contour current ﬂowing around the pre-
existing seaﬂoor contours (Fig. 7e–h). The depocenters are lenticular
shaped and comprise diverging internal reﬂections (Figs. 8–9). This is
typical for detached elongated, mounded contourite drifts as the bed-
ding thickens at the drift axis but thins at the drift ﬂanks. This is due
to the location of the deep-current core and the effect of Coriolis force
(McCave and Tucholke, 1986; Faugères et al., 1999; Stow et al., 2002;
Faugères et al., 2008; Nielsen et al., 2008). The thin parts indicateerosion and/or less sedimentation and are interpreted as the locations
of the intense deep current cores, while the thicker parts with the
diverging internal reﬂections denote the drift axis with increased sed-
imentation in the relatively tranquil zones to the right of the stronger
deep current core (McCave and Tucholke, 1986; Faugères et al., 1999;
Stow et al., 2002; Faugères et al., 2008). Thus, the combination of
thickness, location, orientation, shape and internal reﬂections of the
depocenters all suggest that deep-current-controlled sedimentation
was responsible for the deposition of subunits SUIV-b and -a. In addi-
tion, subunit SUIV-c and the lower part of subunit SUIV-b appear acous-
tically transparent but their interface horizon A3 is of high amplitude
and continuous apart from its interruption due to basement elevations
(Figs. 6 and 8–9). This change in reﬂection characteristics may be due
to a change in sediment supply and/or composition or changes in
strength and/or location of the deep current system. There is no drilled
sedimentary record of themain part of unit SUIV and therefore, changes
in sediment composition cannot be conﬁrmed or excluded. Horizon A3
shows the characteristics of a basal unconformity (single, continuous
high-amplitude reﬂectors of regional to subregional extent). These
basal unconformities represent strong, initial pulses of deep contour
currents, which are often connected with erosional hiatuses (McCave
and Tucholke, 1986; Faugères et al., 1999; Stow et al., 2002; Faugères
et al., 2008; Nielsen et al., 2008). We observed low-angle downlaps
at horizon A3, which are also typical for erosional unconformities
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Therefore, we suggest horizon A3 marks the onset of drift building at
the Eirik Drift.
Even though we interpret both subunits SUIV-b and -a as the
result of deep-current controlled deposition, there are some differences
between these two subunits. The topographic high of the basal horizon
A3 has a semicircle appearance in the NE corner of the study area
(Fig. 7e). The topographic high develops to aNE–SWdirected, elongated
slope at horizon R5 (Fig. 7g) and a more ENE–WSW orientated slope at
horizon doublet R3/R4 (Fig. 7c). This is interpreted as elongation and
progradation of the Eirik Drift towards the WSW. The depocenter of
subunit SUIV-b lies in the SE part of the study area attached to the SW
ﬂank of the topographic high of its basal interface A3 (Fig. 7e–f).
Deep-current cores ﬂow at isobaths and Coriolis force accounts for
deposition to the right of the deep-current cores in the Northern
Hemisphere. The combination of the basal interface outline and the
location of the depocenter of subunit SUIV-b infers a deep-current
core at a contour below the rms value of 5470 ms TWT of the basal
interface A3 (Fig. 7e–f). It suggests a deep-current core, which ﬂows
SW beyond our study area and turns to a NNW directed ﬂow along
the western depocenter outline (Fig. 7f). The depocenter of subunit
SUIV-a lies mainly on top of its basal horizon R5 (Fig. 7g–h). The
branches of the depocenter, which extend to theNWandWSW indicate
a meandering, NWdirected deep-current core (Fig. 7h) roughly follow-
ing the undulations of the rms outline of R5's topographic high at
5082 ms TWT (Fig. 7g). Therefore, we assume that the deep-current
core responsible for deposition of subunit SUIV-a lies at shallower
depth than before.
The internal reﬂections of subunit SUIV-b are of low amplitude.
The amplitudes increase towards the top horizon R5, which is found
within a band of 3–4 high amplitude reﬂections (Figs. 8–9). Changes
in the deep current system and/or of the supplied sediment can create
changes in the impedance contrast, which yields higher amplitude
reﬂectors like these. The faults observed within the high-reﬂection
band surrounding R5 bear analogy to diagenetically induced polygonal
fault system due to their swarm-like and apparently layer-bound
appearance (Cartwright, 2011). However, diagenetic processes and
their typical polygonal planform geometry (Cartwright, 2011) cannot
be conﬁrmed due to the lack of geological information and seismic
3-D data. Fluids moving within the sediment, possibly initiated by
changing sedimentation rates, or varying current strength and direc-
tions, may also cause these vertical to sub-vertical small-scale faults.
In combinationwith the observed shifts of the depocenters and the con-
cluded changes in the deep-current core depth from subunit SUIV-b to
SUIV-a, we assume a change in deep-current system at horizon R5.
In the following, we try to set the onset of drift building in the
correct chronological context, even though we have no direct age
control of borehole data. The top reﬂector doublet R3/R4 of seismic
unit SUIV was dated as 7.5 Ma (Arthur et al., 1989) and marks changes
in carbonate content (Kaminski et al., 1989). The suggested onset of
NCW overﬂow at the Denmark Strait (DSOW) at ~7 Ma (Bohrmann
et al., 1990) might account for these changes. In addition, Kaminski
et al. (1989) found evidence for corrosive, southern-sourced bottom
water in the lowermost sedimentary record at ODP 646, i.e. below
horizon R3/R4 (8.1–8.6 Ma). Hence, it was concluded, that no NCW
ﬂow was active at the Eirik Drift prior to formation of reﬂector doublet
R3/R4 at 7.5 Ma (Arthur et al., 1989; Kaminski et al., 1989). Several
authors reported a phase of high NCW production from around
12.5 Ma to the Pliocene with minor interruptions around 9 Ma and
7 Ma (Wright and Miller, 1996; Wright, 1998; Poore et al., 2006).
These studies link the deep-water circulation in the North Atlantic to
the subsidence history of theGreenland–Scotland-Ridge by investigating
the Iceland mantle plume activity in combination with carbon and/or
oxygen records in sediment cores. We suggest that these short interrup-
tions of the prevailing NCW ﬂow, account for the formation of the reﬂec-
tor doublet R3/R4 and the 9 Ma event to have been responsible for therecord of corrosive southern-sourced deep-water at ODP 646 at 8.1–
8.6 Ma. Themedium- to high amplitude reﬂections found belowhorizon
R3/R4 may be also a result of this variability of NCW ﬂow around 9 Ma.
Subunit SUIV-a comprises low-amplitude reﬂections indicating sedi-
mentation under uniform conditions, i.e. no major changes in sediment
supply and/or deep-current intensity occurred.
We estimate the age of horizon R5 at 10–12 Ma, which we derived
from extrapolation of sedimentation rates at the lower part of ODP 646.
This estimate correlates well with the onset of a phase of high NCW
production at ~12.5 Ma (Wright and Miller, 1996; Wright, 1998; Poore
et al., 2006), a drift accumulation phase generally observed in the north-
ern North Atlantic at ~13 Ma (Miller and Tucholke, 1983; Wold, 1994)
and the formation of several erosional unconformities in the northern
North Atlantic at 10–13 Ma (Wold, 1994; Wright and Miller, 1996).
Hatton and Snorri Drift started to develop at around 13 Ma (Wold,
1994). This happened at the same time when the ﬁrst signiﬁcant
overﬂows were observed at the Iceland–Faroe-Ridge ~13–11 Ma
(Bohrmann et al., 1990). The high reﬂection band with its swarm-like
faults observed in ourdata (Figs. 8–9) is similar to thewidespreadoccur-
rence of a hummocky reﬂection zone above a relatively reﬂector-free or
low-amplitude section at the US Atlantic continental rise (Mountain and
Tucholke, 1985; McMaster et al., 1989; Locker and Laine, 1992). These
reﬂection characteristics were identiﬁed below reﬂector Merlin by
Mountain and Tucholke (1985), inferred to represent the initialized
stabilization of drift deposits in the western North Atlantic ~10–12 Ma
ago. Horizon G of McMaster et al. (1989) is concordant with reﬂector
Merlin. Geological drilling results in combination with seismic data
revealed, that an interval of deep-current erosion at 11.5–12 Ma caused
horizon G (Muza and Covington, 1987; McMaster et al., 1989). Locker
and Laine (1992) linked their horizon X (10.5 Ma)with reﬂectorMerlin.
They stated that the hummocky seismic facies developed as a result
of widespread reworking of sediments by deep contour currents as
proposed by Mountain and Tucholke (1985). The hydrological event,
which caused the formation of horizon Merlin/G/X in the eastern
North Atlantic, was synchronous with a sharp rise in sea level (Haq
et al., 1987). Based on the similarity of the reﬂection characteristics of
horizon Merlin/G/X and horizon R5, we conﬁrm the suggested date of
horizon R5 (10–12 Ma) and the assumption that horizon R5 represents
a change in the deep-current system at the Eirik Drift.
Using sedimentation rates determined at ODP 646, horizon A3
appears to be of middle Miocene age. The production of NCW was
disabled between 15 and 12.5 Ma due to increased Iceland mantle
plume activity and a resulting uplift of the Greenland–Scotland-Ridge
(Miller and Tucholke, 1983; Wright and Miller, 1996). The elimination
of NCW production during this phase probably yielded much lower
sedimentation rates and therefore has to be taken into account in the
age estimation for horizon A3. We therefore suggest that horizon A3 is
more likely of early Miocene age (19–17 Ma), when initiation of strong
NCW ﬂuxes (20–19 Ma; Wright and Miller, 1996) formed widespread
erosional unconformities in the northern North Atlantic (Table 2)
(McCave et al., 1980; Dingle et al., 1982; Miller and Tucholke, 1983;
Masson and Kidd, 1986; McCave and Tucholke, 1986; Stoker et al.,
2001) and drift accumulation at Bjorn and Gardar Drift started (Miller
and Tucholke, 1983; Wright and Miller, 1996). This is in accordance to
the development of the deep-water connection through the Faroe
Conduit in early Miocene (Stoker et al., 2005) and the opening of the
Fram Strait for a deep-water exchange of the Arctic Ocean to the Nordic
Seas (Ehlers and Jokat, 2013).
Subunit SUIV-c underlying horizon A3 was deposited in a tranquil
environment. The basement is 40–61 Ma in age and therefore ~20–
40 Ma older than the estimated age of horizon A3. Themean sedimenta-
tion rate of subunit SUIV-c would be b10 ms TWT/M.y. and signiﬁcantly
decreased compared to themean sedimentation rates of subunits SUIV-b
(70 ms TWT/M.y.) and SUIV-a (120 ms TWT/M.y.). The question arises
whether a tranquil environment would account for such low sedimenta-
tion rates or whether horizon A3 might represent a sedimentary hiatus.
Table 2
North Atlantic erosional unconformities of late Early Miocene age.
Reﬂector age Reﬂector name Region Citation
19–18 Ma “Challenger” Porcupine Bank Dingle et al. (1982)
Late Early Miocene Regional reﬂector Faroe–Shetland region Stoker et al. (2005)
Late Early Miocene “C20” Rockall Trough Stoker et al. (2001)
17 Ma “Green” Southern Rockall Trough Mason and Kidd (1986)
17 Ma “IR” Gardar Drift McCave et al. (1980)
17–16 Ma “R2” Rockall, Gloria Drift, Bafﬁn Bay Miller and Tucholke (1983)
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ate amplitude reﬂector of regional to semi-regional extent with low-
angle downlaps), horizon A3 was identiﬁed as the basal unconformity
of the drift, which represents strong, initial pulses of deep contour cur-
rents. These often are connected with erosional hiatuses. The observed
low-angle downlaps at horizon A3 suggest erosion (Figs. 8–9). Therefore,
we interpret horizon A3 as a sedimentary hiatus due to erosion at the
onset of intense NCW ﬂux. However, as there is no drilled sedimentary
record of the main part of unit SUIV, the assumption of a sedimentary
hiatus at horizon A3 cannot be conﬁrmed.
6. Conclusion
A new set of high-resolution seismic reﬂection data has been
interpreted with respect to the build-up of the Eirik Drift. We have
reﬁned the seismostratigraphic concept of Arthur et al. (1989) adding
horizons A1 (0.8 Ma), A2 (1.4 Ma) and A3 (17–19 Ma) and dating
horizon R5 (10–12 Ma). Our study suggests that the onset of drift
building was instigated in the early Miocene (17–19 Ma), which
contrasts with the hypotheses by Arthur et al. (1989) and Wold
(1994), who inferred a drift build-up after ~4.5 Ma and after ~7–
8 Ma, respectively.
Our proposed history of sedimentation within the Miocene seismic
unit SUIV at the Eirik Drift is as follows:
• Until 19–17 Ma sedimentation at the Eirik Drift was not deep-
current controlled; deposition of subunit SUIV-c took place in a
tranquil and stable environment.
• Horizon A3 is identiﬁed as the basal erosional unconformity of the
Eirik Drift and is dated 19–17 Ma, when initiation of strong NCW
ﬂuxes occurred, as is documented in several erosional unconformities
and drifts in the northern North Atlantic. Horizon A3 presumably
represents also a sedimentary hiatus due to enhanced erosion. This
onset of strong NCW ﬂuxes follows the development of the Faroe
Conduit in early Miocene (Stoker et al., 2005) and the onset of deep-
water exchange at the Fram Strait (Ehlers and Jokat, 2013).
• Onset of drift building is documented by deposition of unit SUIV-b
under the inﬂuence of strong NCW ﬂuxes, which were inhibited
between 15 and 12.5 Ma.
• Changes in the deep-current velocity presumably formed the high-
amplitude reﬂection-band surrounding horizon R5 at 12–10 Ma
along with a renewed onset of NCW ﬂow. At that time (~13–11 Ma)
the ﬁrst signiﬁcant overﬂows at the Iceland–Faroe-Ridge were
observed (Bohrmann et al., 1990).
• Drift elongation and progradation to theWSW under the inﬂuence of
shallower NCW ﬂow is suggested by the sedimentary record of unit
SUIV-a.
• Reﬂection doublet R3/R4 (7.5 Ma) and the medium- to high ampli-
tude reﬂections found below this horizon are ascribed to the minor
interruptions of NCW ﬂow at 7 and 9 Ma. Presumably, the suggested
onset of overﬂows over the Denmark Strait (~7 Ma; Bohrmann et al.,
1990) is documented by horizon R3.
In this study, we concentrated on the development of the Eirik Drift
during the Miocene to show that drift building at the Eirik Drift started
much earlier than previously thought. The reﬁned seismostratigraphic
concept will be used in further studies to deﬁne a model for thedevelopment of pathways and intensity of the NCW ﬂow over the Erik
Drift during Neogene and Quaternary.
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